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Abstract 


Tree pollination has been reported to be impacted by climate change in numerous 
countries worldwide. Tree pollination is an important ecosystem supporting service 
that is threatened by global warming and climate change. Warm climatic conditions 
cause disturbances in pollen physiology. For example, warm temperatures cause 
decrease in pollen germination and fertilization. Furthermore, insect pollinators are 
displaced or their life cycles are disturbed by warm conditions leading to great eco¬ 
nomic losses for fruit tree growers. Whether pollinated by vertebrates, insects, or 
wind, global warming will have impacts on all these different types of pollination. 
This book reviews pollination aspects of both wild and cultivated fruit tree species 
in a global climate change context. It explores cross-pollination mediated by insects 
and vertebrates, abiotic factors, self-pollination, and their global warming implica¬ 
tions. We identify the link between abiotic factors such as precipitation and severe 
droughts in the context of tree pollination and climate change especially in the trop¬ 
ics. Furthermore, pollination and conservation implications in agriculture as well as 
wild tree populations are explored. Emphasis has been given to fruit trees growing 
in tropical, subtropical, and temperate environments. 


Preface 


It is well known that pollination is an important ecosystem service that is not only 
essential for plant fertility hut also for increasing their productivity. Majority of the 
plants are pollinated by an interaction between an insect vector and the plant, not¬ 
withstanding the importance of abiotic agents such as wind and water. It has been 
known for many centuries that variation in climatic conditions, which occur in the 
normal course, has immense effect in determining productivity of many horticul¬ 
tural crops where pollination is essential. However, the loss in productivity suffered 
during one year was usually compensated by suitable weather conditions in the fol¬ 
lowing year. 

Lately, the situation has changed drastically in such a way that the phenomenon 
of global warming and consequent climate change are affecting the phenological 
processes in both plants and animals, especially in insects which are the major pol¬ 
linators. Researches in temperate countries have put an advancement of two weeks 
for the phenology of plants, especially flowering and anthesis. However, this may 
not be of any consequence if the pollinator life cycle also synchronizes with the 
plants. But this is not always happening as expected. Due to increase in temperature, 
many insect species are not able to complete their life cycle to develop into the adult 
stage. 

Another serious problem is the disruption of the physiology of the pollen-stigma 
interaction where the pollen grains germinate. Failure of pollen germination and 
loss of stigma receptivity have been reported in many plants around the world. 
Sterility has been also reported in several horticultural crops due to lack of fertiliza¬ 
tion in high temperatures. As the temperatures are predicted to increase further, we 
can expect more aberrations in both the plant and animal world due to climate 
change. 

In this SpringerBrief, we are trying to review the impact of climate change on 
pollination biology in the tropics, subtropics, and temperate regions of the world. 
Much literature has been published in this topic, but not much critical reviewing has 
been done on the subject. Doing research in two different continents, we find that 
there is much to be shared in this subject with investigators, students, and farmers 
around the world. This small book is an attempt to do exactly this. We will be 
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dealing with the impact of precipitation and drought on pollination, which are 
widely predicted in a climate change situation. The phenological changes happen¬ 
ing to the plants and pollinators in a changed climate will be also discussed. The 
discussion will be centered in terms of both losses in fertility and in productivity. 
The overall implication to conservation will be also an important point of discussion 
in this book. 

Bogota, Colombia Fernando Ramirez 

November 26, 2017 Jose Kallarackal 
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Chapter 1 

Introduction 
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Pollination is one of the most important ecosystem services. Pollination herein is 
defined as the movement of pollen grains from the anther to the stigmatic surface of 
the carpel. It has also been defined as “the transfer of pollen from the male part of 
the flower, the anthers, to the receptive female part, the stigma” (Ahrol 2012). 
Pollination occurs through cross and self-pollination and environmental factors 
such as animals, water and wind play an important role in this complex process 
(Fig. 1.1). Pollinators support an estimated 35% of food produced worldwide (Klein 
et al. 2007). More than 300,000 animal species are considered floral visitors 
(Gonzalez-Varo et al. 2013). Furthermore, nearly 75% of important crops world¬ 
wide and 80% of the total number of flowering plant species are dependent upon 
animal pollinators (Nabhan and Buchmann 1997). However, fruit tree pollination is 
difficult to estimate particularly in tropical environments due to the lack of research 
studies on this topic. Also, the tropics have a higher diversity of pollinators com¬ 
pared to temperate regions. Increased pollinator diversity augments the pollination 
service (Brittain et al. 2013). This generates a “subsidiary” effect where multiple 
pollinators can compensate the lack or reduction of other pollinators. Man-made 
changes have altered ecosystem habitats and in consequence, have caused negative 
impacts among animal pollinators, particularly bees (Ahrol 2012). 

Fruit trees require pollination for fruit development. Pollination in woody angio- 
sperms has been studied in several tropical, temperate and subtropical fruit tree 
species (Ramirez and Davenport 2013, 2016; Ramirez and Kallarackal 2017) as 
well as in wild species. They include almond (Klein et al. 2012), apricot (Langridge 
and Goodman 1981), apple (Ramirez and Davenport 2013), cherry (Holzschuh 
et al. 2012), carambola (Rodger et al. 2004), coconut (Melendez-Ramirez et al. 
2004), litchi (Pandey and Yadava 1970), loquat (Cuevas et al. 2003), mango 
(Ramirez and Davenport 2016), pear (Monzdn et al. 2004), citrus (Davenport 1986), 
avocado (Vithanage 1990), etc. Fruit crops are an important food and health source 
for humans worldwide. Fruits contain vitamins, proteins, antioxidants, reducing 
sugars, fiber, etc., that are known to improve human health and nutrition. Fruits by 

© The Author(s) 2018 1 
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Fig. 1.1 Pollination types, (a) Cross-pollination- the transfer of pollen from the stamen to the 
carpel of plants with different genetic makeup and (b) Self-pollination, the transfer of pollen from 
the stamen to the carpel of the same flower or other flowers within the same plant. Also, occurs 
between flowers of different plants with identical genetic makeup e.g. some apple cultivars 
(Illustrations by Fernando Ramirez) 


their delicious taste reduce hunger in developed, developing countries and contrib¬ 
ute to local and international economies and the wellbeing of people. Pollination is 
a key feature for fruit production worldwide. Numerous fruit tree species rely on 
pollination as an effective mechanism to produce fruits and viable seeds contribut¬ 
ing to the species perpetuation. However, some fruit tree species have been modified 
to produce fruits without pollination. This is the case of commercially grown 
bananas, which are parthenocarpic and produce fruits without the fusion of pollen 
and egg (Simmonds 1973). 

Climate change has been known to impact fruit tree biology in a number of ways, 
(1) it affects the phenology i.e. advancing or delaying fruiting (Kallarackal and 
Renuka 2014), (2) elevated CO 2 , which affects the process of photosynthesis and 
growth (Kallarackal and Roby 2012), (3) reduced stomatal conductance and transpi¬ 
ration due to elevated CO 2 , (4) affecting the water balance, and (5) affecting the 
light gathering apparatus (Ramirez and Kallarackal 2015). Climate change impacts 
whole tree features such as water relations, growth and reproductive aspects such as 
pollination. The effect of climate change on pollination comprises mechanisms that 
involve self-, cross-pollination, pollen physiology, floral induction and the influence 
of environmental factors such as drought, precipitation, temperature, and relative 
humidity. Furthermore, climate change impacts pollination by altering floral phe¬ 
nology and by affecting the activity of pollinators e.g. flight (Abrol 2012). Higher 
temperatures generated as a consequence of global warming are responsible for a 
reduction or increase in phenological cycles in trees (Kallarackal and Renuka 2014; 
Ramirez and Kallarackal 2015). The advancement of flowering dates has generated 
advanced flight activity in insect pollinators by 4 days/°C within temperate condi¬ 
tions (Abrol 2012). Also, climate change causes spatial and temporal disparities 
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Fig. 1.2 Amazonian rainforest sites in Colombia where pollination and climate change studies are 
required, (a) Amacayacu National Park (b) tree detail (c) insect pollinator, (d) Amazon River, (e) 
Loretoyacu River, and (f) Amacayacu River (Photos by Fernando Ramirez. Reproduced with 
permission) 

between pollinators and plants (Gonzalez-Varo et al. 2013). However, the advance¬ 
ment of flowering requires more research studies in the subtropics and tropics. Fig 
trees in the tropics have been reported to be pollinated by a particular wasp species 
able to cope with the complex pollination of the fig flowers (Abrol 2012). Thus, the 
decline of this pollinator due to climate change could have negative effects on fig 
fruit set. Almond trees in the Himalayas flowered earlier than usual, when no polli¬ 
nating bees were active, causing a complete crop loss (Abrol 2012). Similarly, cli¬ 
mate change has impacted apple pollination. Unusual rains and low temperatures 
during the flowering season have affected apple tree pollination and fruit set respec¬ 
tively (Abrol 2012). Walnuts and pistachios have floral overlap between male and 
female flowers that can be affected by insufficient chilling and reduced pollination 
(Gradziel et al. 2007). 

Climate change could affect tropical and temperate regions by unusual rains and 
warmer than usual temperatures, which are likely to hamper productivity (Wheeler 
and von Braun 2013). However, warmer climatic conditions could be favorable for 
subtropical fruit production to some degree, but can also be harmful to several fruits 
grown in temperate regions (Luedeling 2012). Global climate change could impact 
pollination physiology and related aspects in both wild and crop trees, however, this 
requires further research in several environments, e.g. the Amazon (Fig. 1 .2). Pollen 
germination, tube growth, pollen development within anthers and ovule develop¬ 
ment can be halted by warmer than usual temperatures. In turn, projected global 
average temperatures in 2100 will average between 1.8 and 4.0 °C higher than the 
1980-2000 average (IPCC 2007). This could have a negative impact on pollen phys¬ 
iology of most tree species. 
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Fig. 1.3 Trees form Cancun, Mexico. More research is required to understand their pollination 
interactions (Photos by Fernando Ramirez. Reproduced with permission) 

Animal pollinators, both arthropods and vertebrates are key vectors in the tree 
pollination process. Although, commercially grown trees have a less diverse array 
of pollinators in contrast to trees found in the wild, pollinators have an essential 
function in fruit production. The majority of crops and wild plants are dependent on 
pollination mediated by insects, birds, bats and other vertebrates (Abrol 2012). 
Pollinator declines are well known in temperate plant species (Smith et al. 2015), 
while less is known from the tropics. Since the 1990s scientists and horticulturists 
have become aware of pollination declines (Abrol 2012). A number of reasons have 
been attributed to the global decline in pollinators, namely, climate change, land¬ 
scape alteration, habitat fragmentation, invasive species, agricultural intensification, 
pesticide use, spread of diseases, etc. (KJphl et al. 2011; Gonzalez-Varo et al. 2013). 
A high diversity of fruit trees are grown in the subtropics and tropics and the influ¬ 
ence of climate change in pollination has been described for a few species. 

Despite the fact that pollination has been widely investigated in relation to crop 
plants in general, less is known about the interaction of fruit trees and wild tree 
populations within the context of climate change perturbations (Fig. 1 .3). Therefore, 
the aim of this book is to expand on the current understanding of pollination of fruit 
trees under climate change conditions. The book focuses on self- cross-pollinations 
and the influence of environmental factors such as temperature, drought, flooding 
and precipitation linked to fruit trees in subtropical and tropical environments. It 
also discusses the implications for conservation and agriculture. 
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In the following section, we provide a detailed description of the flower and its parts 
because it is relevant to the study of pollination (see Fig. 2.1 for floral parts). Flowers 
are structures, which consist of an array of parts (organs) borne on a central axis 
called the receptacle (Rudall 2007). The whole floral structure is suspended by the 
peduncle, a stalk that attaches the flower to the plant (Glimn-Lacy and Kaufman 
2006). The flower might be supported by leaf-like structures called bracts, which 
are absent or present depending on plant species (Rudall 2007). The typical flower 
is composed of the internal sexual parts, namely organs, which are covered by 
sepals and petals (Abrol 2012). The floral perianth or the outer structure of the 
flower is composed of the sepals referred to as the first whorl or calyx and the petals, 
which comprises the second whorl or corolla (Rudall 2007). Sepals have a protec¬ 
tive function during floral development, are green but can also attain color in some 
plant species (Glimn-Lacy and Kaufman 2006). Petals are colored parts that func¬ 
tion as pollinator attractants via color, shape and pattern (Abrol 2012). The male 
component of the flower is called the stamen which bears the filament and anther. 
Anthers commonly bear two pollen sacs at the upper end (Glimn-Lacy and Kaufman 
2006). Within the anthers, pollen is produced through the process of microsporo- 
genesis. Among woody angiosperms, pollen is generated through meiosis and fur¬ 
ther maturation occurs in the anthers (Ramirez and Davenport 2010). Once pollen 
becomes mature the anthers dehisce or split open releasing pollen grains (Abrol 
2012). The female part of the flower is called the carpel or pistil and is composed of 
the upper end, stigma, mid part, style and lower part ovary (Fig. 1.3). Pollen con¬ 
tacts the stigmatic surface during pollination, and then germinates through the style 
reaching the ovary, which contains the ovules (Glimn-Lacy and Kaufman 2006). 
The ovule contains the megaspores; one of these develops into an embryo sac con¬ 
taining an egg (Glimn-Lacy and Kaufman 2006). 

Flowers among woody angiosperm species vary in the number of stamens (male 
parts) and carpels (female parts). Here we refer to the flowers of fruit trees as solitary 
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2 Cool, Warm Temperatures and Tree Pollination 
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Fig. 2.1 Floral parts and flowers in (a) feijoa (Acca sellowiana), (b) Lulo (Solanum quitoense L.), 
(c) capuli cheiTy (Prunus serotina var. capuli), (d) guava (Psidium guajava L.), (e) avocado {Persea 
americana L.), (f) “Valencia” orange (Citrus sinensis) and (g) “Anna” apple (Malus domestica) 
(Photos and illustrations by Fernando Ramirez. Reproduced with permission) 

or grouped within inflorescences. The flowers can be staminate (male) carpellate 
(female) or hermaphrodite, e.g. mango (Fig. 2.2). 

Pollen grains require specific environmental conditions for subsequent germina¬ 
tion and growth, which is species and cultivar specific. For example, ‘Kent’ mango 
(Mangifera indica L.) trees require an optimum temperature of 30 °C for effective 
pollen germination (Dag et al. 2000). Pollination is highly sensitive to temperature 
extremes across all species, having a negative impact on production (Hatfield and 
Prueger 2015; Ramirez and Davenport 2016; Ramirez and Kallarackal 2017). 
Either high or low temperatures are known to affect the pollination physiology of 
trees. Cool temperature values below 12 °C during flowering interfered with polli¬ 
nation and/or fertilization in mango (Whiley et al. 1988). Cool temperatures during 
pollen development cause a reduction in the overall pollen viability (Issarakraisila 
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A 




Anther Filament 



Fig. 2.2 Mango flowers (a) pedicel with staminate flowers. Note the five petals, ovary, stamen, 
staminoids and floral disk, (b) hermaphrodite flower and (c) carpellate flower (Photos from a 
mango tree from Puerto Narino in the Colombian Amazon. Photos taken by Fernando Ramirez. 
Reproduced with permisssion after Ramirez and Davenport (2016) 

1994; Huang et al. 2010). Cool temperatures <16° C have been known to cause 
floral deformation, delayed pollen germination, pollen-tube growth and induce 
ovule abortion leading to production of seedless fruits in mango (Young and Sauls 
1979). Likewise, guava trees experience floral abscission in response to extremely 
cool temperatures (Dinesh and Reddy 2012). Date palm inflorescences exposed to 
cool temperatures (20 °C day/ 8 °C night) were vulnerable to low pollen germina¬ 
tion and delayed pollen germination after 3 days (Slavkovic et al. 2016). Low tem¬ 
peratures, 10 and 15 °C, caused reduced pollen tube elongation in sugar apple 
(Annona squamosa L.) (Rodrigues et al. 2016). 

Cool temperatures as a result of climate change can also impair pollinator activ¬ 
ity. Cooler than usual temperatures reduce apple blossoming and reduce pollinating 
activity of bees (Vedwan and Rhoades 2001). Also bee immobilization is caused by 
low temperatures caused by late snowfall in the Western Himalayas of India 
(Vedwan and Rhoades 2001). Some bee species such as the Himalayan honey bee 
Apis cerana, begin foraging at temperature as low as 7 °C, whereas, the introduced 
honey bee. Apis mellifera start to forage only at 13 °C (Vedwan and Rhoades 2001). 
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Temperate fruit trees such as pear, apple, cherry and plum need an optimum 
temperature between 20 and 25 °C (Rai et al. 2015). High temperatures above the 
optimum can lead to ineffective pollination and fertilization due to functional dam¬ 
age within the floral-pollen structures. For example, temperatures above 24 °C 
reduced pollen tube growth in Prunus domestica (DeCeault and Polito 2010). Pollen 
of wild Prunus species failed to germinate at warm temperatures (50 °C) (Sorkheh 
et al. 2011). Prunus species are negatively impacted by high temperatures during 
pollination particularly during pollen germination, tube growth, ovule development 
and longevity (Jefferies et al. 1982; Moreno et al. 1992; Cerovic et al. 2000). 
However, Hedhly et al. (2005) reported that high temperatures (20-30 °C) increased 
pollen germination and pollen {in vitro) tube growth, and caused loss of stigmatic 
receptivity in peach. Also, increasing temperatures up to a certain level hasten pol¬ 
len tube growth in sweet cherry (Hedhly et al. 2003, 2004). Furthermore, Kozai 
et al. (2004) reported increasing temperature (30 °C) decreases floral size, and pol¬ 
len germination was halted in ‘Hakuho’ peach trees. Furthermore, high tempera¬ 
tures cause ovule degeneration in cherry and plum and stigma degeneration in sweet 
cherry (Postweiler et al. 1985). Under warm temperatures (Average 30 °C) ‘ Julieta’ 
apple trees experienced anther loss and a reduced capacity to release pollen grains 
in Brazil (Monteiro et al. 2015). High temperatures in apple inhibit pollen produc¬ 
tion, floral induction, and reduce viability (Van Marrewijk 1993). Furthermore, 
apple pollinator activity such as that of bees is reduced below temperatures of 13 °C 
(Keogh et al. 2010). On the other hand, during temperature rises following pollina¬ 
tion, pollen-tubes grow more rapidly, within limits, but the time during which the 
ovule is receptive is reduced (Dennis 2003; Ramirez and Davenport 2013). 
Temperature extremes, either high or low interfere with pollination, fertilization and 
fruit set in apple (Rai et al. 2015). 

The unusually high temperatures as a result of climate change can have adverse 
effect on chilling hours required by temperate and sub-tropical trees. Temperate 
fruit tree plantations at the end of the nineteenth century occurred in warmer areas 
than those of traditionally cultivated locations (Campoy et al. 2011). Apple trees 
grown in warm winter regions with inadequate chilling requirements cause trees to 
have a number of problems such as phenology referent to bud break, flowering, 
growth and development of both fruits and trees (Petri et al. 2012). Among cross- 
pollinated fruits e.g. pistachios and walnuts insufficient chilling can affect pollina¬ 
tion (Gradziel et al. 2007; Rai et al. 2015). Similarly, insufficient chilling causes 
reduced pollination in peaches (Rai et al. 2015). 

Climate change has been known to cause higher than usual temperatures affect¬ 
ing pollination of fruit crops. Under climate change conditions, fruit trees growing 
in tropical regions with high temperatures could be negatively impacted (Raj an 
2012). High temperatures result in floral abscission in carpellate and hermaphrodite 
flowers and sex-change in bisexual papaya plants (Dinesh and Reddy 2012). Tree 
pollination in tropical and subtropical regions could be affected by warm tempera¬ 
tures generated as a result of climate warming. Lychee {Litchi chinensis) trees failed 
to produce flowers when exposed to 20 °C for 8 or more hours daily (Menzel and 
Simpson 1995). In India, mango trees flowered 3 months earlier than usual in 2007 
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due to warmer temperatures (Abrol 2012). High temperatures (22 °C day/27 °C and 
night 32 °C/27 °C) have adverse effects on pollen development in lychee (Stem and 
Gazit 1998). Likewise, high temperatures (30 °C) caused a decrease in pollen ger¬ 
mination in Citrus (Distefano et al. 2012). Moreover, higher than normal tempera¬ 
ture (33 °C day/28 °C night) conditions during flowering have been known to cause 
floral abscission and ovule damage in avocado (Sedgley 1977; Argaman 1983; 
Davenport 1986). In vitro feijoa (Acca sellowiana) pollen germination was lower at 
30 °C (Franzon et al. 2005; Ramirez and Kallarackal 2017). Pollen germination was 
halted at 45 °C in sugar apple (Rodrigues et al. 2016). Many tropical tree species 
flower during a brief reproductive period that is at risk if temperatures are high and 
consequently impede pollination and further floral development (Goldstein and 
Santiago 2016). Other tropical fruits compensate this by having two or more repro¬ 
ductive events yearly (Ramirez and Kallarackal 2017, 2018). Furthermore, an 
increased floral production could compensate the brief flower induction periods. 

In wild tropical forest trees, extremely warm, rainy or dry conditions could lead 
to flowering and pollination inhibition (Corlett and LaFrankie 1998). On the other 
hand, subtropical trees in the wild, exposed to higher than usual temperatures 
(32 °C) have been known to reduce their pollen viability (Maiti and Rodriguez 
2015). Temperate tree pollen germination has been known to be affected by high 
temperatures. For example, the narrow leaved ash {Fraxinus angustifolia Vahl) pol¬ 
len germination was significantly reduced at high temperatures (25 °C) (Kremer and 
Jemric 2006). In the case of temperate wild trees, in 24 species of birch (Betula), 
pollen shedding date was advanced with increasing temperatures (Miller-Rushing 
and Primack 2008). More research and modeling studies are required to understand 
the reproductive physiology of trees in relation to predicted climate change scenar¬ 
ios within tropical, temperate and subtropical environments. 

Numerous investigations have given documentary evidences for the advance¬ 
ment of pollen seasons due to their link to allergic reactions of pollen in humans. In 
this section we provide a brief overview of this. In urban areas, early pollination has 
been documented in Alnus, Ulmus, Betula, and Corylus as a result of warmer spring 
caused by climate change (Emberlin et al. 2007; Jager et al. 1996; Van Vliet et al. 
2001). Birch {Betula) pollen production and release occurs during April to mid- 
May, but in the last 30 years, there has been a shift to earlier start (Emberlin et al. 
1997). Eurthermore, Betula pollen start dates in London, Brussels, Zurich and 
Vienna is expected to advance by about 6 days over the next 10 years (Emberlin 
et al. 2002). In Switzerland, pollen data from 38 years revealed that flowering in 
Betula occurred 15 days earlier and pollen season also started earlier (Frei and 
Gassner 2008). Similarly, birch pollen season started about 19 days in advance in 
2001 in contrast to the 1980’s, as a result of climate change (Clot 2001). Moreover, 
birch pollen season occurred 5 days earlier in the last decade in contrast to the previ¬ 
ous 10 years in three cities, namely, Cardiff, Derby and London (Emberlin et al. 
1997). While Newnham et al. (2013) found that the start of birch pollen season is 
sensitive to temperatures in the UK, no clear trend showing changes in pollen sea¬ 
son has been observed. However, early flowering Alnus spp. and Corylus spp. have 
shown changes in pollen season during the consecutive years from 1996 to 2005 at 
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Worcester, UK (Emberlin et al. 2007). In Alnus and Corylus trees higher than usual 
temperatures towards the end of winter caused an earlier start in pollen season in 
SW Poland (Malkiewicz et al. 2016). In Denmark, birch pollen season started 14 
and 17 days earlier at two different locations more than 200 km apart due to increas¬ 
ing temperatures (Rasmussen 2002). Pollen seasons as a result of warming have 
started earlier in birch (Betula) and oak (Quercus) across the continental United 
Sates (Zhang et al. 2015). In the USA, birch and oak pollen seasons in 2001-2011 
started earlier in contrast to the period between 1994 and 2000 with increasing 
trends of peak values and annual mean (Zhang et al. 2014). In birch, oak and pine 
trees, pollen seasons have started earlier in 2013 in contrast to 1973. This pheno- 
logical change in pollen season is linked to the increasing air temperature in 
Stockholm (Lind et al. 2016). 

Tree species such as the Japanese cedar {Cryptomeria japonica), which is a gym- 
nosperm, has advanced its pollen season from mid-March to late February and has 
increased pollen counts. This has been associated with warmer than usual tempera¬ 
ture due to climate change from 1983 through 1998 in Toyama City, Japan (Teranishi 
et al. 2000). In other species, such as Quercus, pollination season could occur 
months earlier and thus, airborne pollen concentrations would increase by 50% with 
respect to current levels, and bear higher levels within the Mediterranean mainland 
(Garcia-Mozo et al. 2006). 

The duration of pollen season has also been documented to increase for several tree 
species in Europe. Between 1981 and 2007, the increase of pollen season in olive has 
been by 18 days, which correlate with increase in number of days with a temperature 
greater than 30 °C, direct radiation, and overall temperature (Ariano et al. 2010). 
Moreover, olive flowering phenology could be considered a sensitive indicator of cli¬ 
mate fluctuations and their effects within the Mediterranean area (Galan et al. 2005). 
Recently Garcia-Mozo et al. (2014) found that olive season is occurring earlier, pollen 
peak has been occurring faster and its end occurs progressively later, changes which 
are associated with temperature increase within a 30-year period (1982-2011) at 
Cordoba, Spain. The rising evidence of pollen season advancements and delays has 
been investigated thoroughly in temperate environments, but more research is required 
in tropical environments, where the specific response of trees remains greatly 
unknown. In the tropics, trees respond differently to climate change conditions in 
contrast to temperate regions and these responses need to be quantified. 
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Climate change has altered the rainfall patterns worldwide. In the last century, the 
amount of annual precipitation and occurrence of extreme precipitation events have 
increased worldwide (Rosenzweig et al. 1996). Under climate change conditions, 
unseasonal rains often occur during dry periods, or as extended rainy seasons caus¬ 
ing flooding events. Magrin et al. (2014) reported an increase in climate change 
driven extreme events i.e. flooding, droughts, heavy rains, landslides, heat waves in 
Central and South America (Fig. 3.1). The rainfall pattern drives climate regulation 
within a hiome (Scarano and Ceotto 2015). It is also a key to controlling watershed 
levels and soil stability on mountain slopes (Scarano and Ceotto 2015). 

The unpredictable pattern of climate change extreme events such as hurricanes, 
tornadoes, etc., have caused severe flooding and devastating events. Recently, hur¬ 
ricanes such as Irma, and Maria, have caused flooding and devastation in a number 
of Caribbean Islands, e.g. Puerto Rico, US Virgin Islands, etc. and coastal areas 
within the US mainland such as Florida. These events have torn down many trees 
and it is likely that pollinators could have been highly impacted. Bee species rich¬ 
ness declined (with a loss of 40% species occurring before) after Hurricane Dean 
that impacted the Yucantan Peninsula, Mexico (Ramirez et al. 2016). This event also 
reduced the number of social, parasocial, solitary bee species, and the ones nesting 
within cavities and wood (Ramfrez et al. 2016). In 1992, hurricane Andrew impacted 
Florida, USA, and had devastating effects on trees by completely uprooting trees, 
braking branches, detaching leaves, fruits and flowers. Trees like grapefruit lost all 
fruits and in some cases they were torn, or completely uprooted at Cooper City, 
Broward County, Florida, U.S.A. (Ramirez pers. Ohs.). Hurricane Andrew had dev¬ 
astating effects on fruit trees, which were toppled, stumped, destroyed or left stand¬ 
ing with only major limbs (Crane et al. 1993). These authors conducted several 
surveys within orchards determining the degree of impact 10-15 months after the 
hurricane, finding that trees within orchards such as lime (95%), carambola (93%), 
antemoya (90%), avocado (87%), survived the hurricane, whereas, mango (71%), 
longan (70%) and lychee (60%) had a greater hurricane impact (Crane et al. 1993). 
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Fig. 3.1 The flooded forest in the Amazon River near Leticia, Colombia. Floods in the Amazon 
have been higher that usual over the last years and dry periods longer (Photos by Fernando 
Ramirez. Reproduced with permission) 

However, little is known about the effect of hurricane Andrew on fruit tree pollina¬ 
tors. Trees such as Ficus aurea damaged by hurricane Andrew comprised branch, 
leaf and fruit loss, as well as the presumed local extinction of its pollinator, the fig 
wasp Pegoscapus jimenezi (Bronstein and Hossaert-McKey 1995). After 5 months, 
post-hurricane, the fig wasp abundance and the fig flowering phenology showed a 
recovery reaching near pre-hurricane levels (Bronstein and Hossaert-McKey 1995). 
The pollination of the shrub Bahama Swamp-bush (Pavonia bahamensis) was lim¬ 
ited by the absence of its bird pollinators, Bananaquits and Bahama Woodstars, 
which were rarely seen at San Salvador Island during 1996-1997 due to the impact 
of Hurricane Lili (Category 2) (Rathcke 2000). Fruit bats, Pteropus samoensis and 
P. tonganus, have been considered important tree pollinators that historically 
showed population declines of 80-90% due to Hurricane Ofa that impacted the 
American Samoa Islands in the 1990, aside from hunting (Craig et al. 1994). 
Hurricanes could also negatively impact the reproductive success of white man¬ 
grove tree (Laguncularia mcemosa), which is considered to be pollinated by insects 
and self-compatible (Landry 2013). This is due to changing the insect pollinator 
species abundances and community composition, e.g. after two hurricanes within 
the Florida area, species richness values were reduced and ranged between 43% and 
65% and diversity declined by 36-70% (Landry 2013). Pollination services are 
greatly disturbed by the effect of hurricanes. More investigations are needed to 
examine the effect of hurricanes on tree pollinators in detail. 

Individual tree responses to climate change will depend on their dispersal abili¬ 
ties, physiology, life-history strategies, and dispersal abilities that can mediate the 
responses to potential threats (Potter et al. 2017). Also, reproductive physiology 
aspects such as pollination, pollen dispersal, pollen-stigma interaction and the sub¬ 
sequent steps leading to fertilization, fruit development and fruit set could be 
affected by climate change driven extreme events such as heavy rainfall (Snyder 
2017). In the tropics, temperature and incoming solar radiation are relatively uni¬ 
form throughout the year, while, there are considerable fluctuations in rainfall 
(Chapman et al. 2005; Corlett and LaFrankie 1998). Within these conditions, tree 
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pollen grain release and dispersal can be affected by heavy rainfall. For example, 
heavily overcast and rainy conditions delay or halt mango flowering in the tropics 
(Ramirez and Davenport 2012) and also have a negative impact on pollination. 
However, more research is called for to examine the effects of precipitation on pol¬ 
len dispersal under climate change conditions. 

Under unusual precipitation conditions, pollinators reduce their activity. For 
example, late snow events as a result of climate change affect the pollination pro¬ 
cess by causing bee immobilization due to low temperatures and producing tempo¬ 
ral mismatches in the Himalayas (Negi et al. 2017). Furthermore, climate change 
conditions such as prolonged cloudy overcast and rainy days and rains during full 
flowering hinder cross-pollination and fruit set in litchi (Kumar 2014). Also, during 
flowering, precipitation could decrease pollination and fruit set in citrus under cli¬ 
mate change conditions (Rosenzweig et al. 1996). Unusual rains in mango orchards 
at La Mesa, Colombia, cause insect pollinators such as wild and native bees to halt 
their activity and remain within their hives until more favorable weather conditions 
prevail. Also, trees become highly asynchronous, due to unusual overcast and rainy 
conditions and few sunny intervals, generating less flowering (Ramirez and 
Kallarackal 2015). Less flowering and reduced pollinator activity can result in pol¬ 
linator mismatches and less fruit production, which have occurred over the 2011- 
2013 period (Ramirez and Kallarackal 2015). This could hamper the pollination of 
mangoes, but more research is warranted. Heavy rainfall as a result of climate 
change can also affect cherry trees. The native capuli cherry [Prunus serotina subsp. 
capuli (Cav.) McVaugh], is a tree growing in the Andes in both Urban and wild 
conditions (Ramirez and Davenport 2016). Pollinators of the capuli cherry, such as 
bees and flies have been observed to stop floral visitation during heavy rains, con¬ 
sidered out of season, that have been frequent during 2017. However, it needs to be 
determined how the heavy rainfall affects the pollination of the capuli cherry. Lately, 
on October 2, 2017 heavy rainfall coupled with a hail episode caused damage to 
urban trees at Bogota, Colombia. Precipitation as hail within Bogota city is an 
uncommon event, which can probably be attributed to climate change phenomena. 
The reader should keep in mind that Bogota is located in the tropics and the annual 
mean temperature is about 13 °C and temperatures rarely fall below zero degrees. 
The 1-2 cm hail spheres impacted numerous tree species in some areas of the city, 
and caused leaf, floral and fruit drop, as well as leaf rupture in trees such as Tecoma 
Stans, Croton sp. Lafoesia acuminata, Syzygiumpaniculatum, etc. (Fig. 3.2). Shrubs 
with large leaves e.g. Lulo (Solanum quitoense) also suffered leaf rupture by hail, 
which also caused some flowers and small fruits to drop (Ramirez Pers. Obs). 
Recently, fruit trees such as Feijoa {Acca sellowiana) have been negatively impacted 
by heavy rainfall coupled with hail events occuring towards the second semester of 
2017 (August-December) in Bogota, Colombia. Hail has caused floral, fruit drop 
and in some cases damaged leaves in ‘Criollo’ and ‘Quimba’ Feijoa trees (Ramirez 
and Kallarackal 2017, 2018). Climate change mitigation measures are required to 
protect or prevent hail from damaging trees. In the Amazon, changes in precipita¬ 
tion during the dry season caused by climate change conditions are considered a 
critical feature that will influence climatic fate of the region (Malhi et al. 2008). 
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Fig. 3.2 Impact of hail on trees in Bogota, Colombia, (a) Tree with top leaves removed, (b) detail, 
(c) leaf abscission, (d) leaf damage in Crolon funkianus and (e) leaves removed form Tecoma stuns 
(Photos by Fernando Ramirez. Reproduced with permission) 

Another severe impact of climate change is flooding. Heavy rains that occur as a 
consequence of climate change, through the dry period of the year, affect fruit trees 
within orchards that do not have an effective drainage system (Fischer et al. 2016). 
Waterlogged fruit trees devoid of adaptations to thrive in inundation, suffer from 
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root anaerobic conditions that lead to anoxic conditions (Das 2012; Dwivedi and 
Dwivedi 2012). If the waterlogged conditions prevail, tree physiological events 
such as flowering and pollination are adversely impacted. The effects of waterlog¬ 
ging on pollination depend on the water level, whether the flowers are completely 
covered or not. Also, flowers could experience detachment or decay due to abnor¬ 
mal physiological conditions as a result of their internal decay process that begins 
with root anaerobic conditions (Das 2012; Dwivedi and Dwivedi 2012). 
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Dry forests are environments characterized by drought conditions that extend for 
long periods with very few rainy periods. Under these circumstances trees have 
become adapted to survive under drought conditions (Fig. 4.1). Worldwide 42% of 
all intertropical vegetation and 49% of the vegetation of Mesoamerica (southern 
Mexico and Central America) and the Caribbean comprises tropical dry forest 
(Murphy 1995). Dry forest tree species distribution has been affected by climate 
change, e.g. southern Ecuador (Aguirre et al. 2017). To date, dry forests and forests 
worldwide face climate change impacts. These could cause several consequences 
within forests by varying the frequency, intensity, length, and timing of fire, drought, 
insect and pathogen outbreaks, invasive species, hurricanes, landslides, etc. (Dale 
et al. 2001). 

The effect of drought on pollination has been established by several lines of evi¬ 
dence. Unusual droughts have a negative influence on trees not adapted to them. 
Drought causes reduced flowering, floral decay and delays or halts fruit develop¬ 
ment. It causes problems with flower pollination by decreasing the viability of pol¬ 
len grains, reducing attractiveness of flowers to pollinators, and dimineshes nectar 
production within flowers (Alqudah et al. 2011). Also, insect pollinator activity can 
be delayed or completely hampered by drought events. Figs {Ficus spp.) and their 
specific wasp pollinators (Agaonidae) have been negatively impacted by a severe 
drought caused by El Nino-Southern Oscillation event. This event has increased the 
number of forest fires causing a seven-fold increase in adult hg tree mortality in 
contrast to non-drought years (Harrison 2000). The wasps are short lived and require 
a continuous supply of inflorescences for pollination to occur (Harrison 2000). The 
wasps complete their life cycle within the fig inflorescence. In Borneo, a severe 
droughf caused a hall in the production of dioecious hg inhorescences causing a 
local extinction of hg wasps at the Lambir Hills National Park, Sarawak, Malaysia 
(Harrison 2000, 2001). No hg inhorescences occurred during a two-month period, 
which is twice the total life time span of wasps, preventing newly emerging wasps 
from hnding inhorescences for breeding purposes (Harrison 2005). Whenever hgs 
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Fig. 4.1 Dry forest environments at Cura 9 ao (a-b) trees near Hato Cave, (c) Trees at the Shete 
Boka National Park which are near the ocean (d) and (e) Acacia sp. with thorns adapted to the dry 
environment. (Photos by Fernando Ramirez. Reproduced with permission) 


are not pollinated by the specific wasps, fruit production is interrupted. This in turn, 
influences keystone species such as vertebrates that feed on the fruit and aid in seed 
dispersal (Harrison 2000), thus, causing major food-web problems within the 
forest. 

Irregular drought in Asian forests have triggered mass flowering, increasing the 
opportunities for pollinators. The increased pollinator success is evident by greater 
fruit production and by the increased outcrossing and higher survival rates (Sakai 
et al. 2006). Similarly, warm and dry weather conditions during flowering, increased 
the activity and abundance of insect pollinators of trees (Vicens and Bosch 2000; 
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Willmer and Stone 2004). Olive, Olea europaea a wind-pollinated species is posi¬ 
tively influenced by drier and warmer conditions, which improve pollen production 
and release (Galan et al. 2004; Garcia-Mozo et al. 2008). 

Drought, caused by climate change, is considered the greatest threat for Cocoa 
(Theobroma cacao) production in Africa (Schroth et al. 2016). This tree species is 
drought sensitive and West African cocoa yields have been impacted by severe El 
Nino drought years (Ruf and Schroth 2015). Drought could also impact cocoa pol¬ 
linators, such as midges (Diptera, Ceratopogonidae) but more research is required. 
In India, within the Himachal Pradesh region, increasing temperature as a result of 
climate change has caused drought during summers and less snowfall during win¬ 
ters leaving the region unht for apple cultivation (Singh 2013). This has forced 
farmers to shift to other crops and pollinators might have faced problems to adapt to 
the new conditions. 

In Central America, fruit trees are more resistant to droughts in contrast to sub¬ 
sistence crops (rice, sorghum and beans), which are greatly impacted by lack of 
water (Imbach et al. 2017). Drought is a factor that negatively impacts the greatest 
amount of crops, closely followed by climate change driven non-seasonal precipita¬ 
tion and floods (Imbach et al. 2017). The effects of drought on pollination present a 
knowledge gap in which very little research has been conducted. 
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Climate change has been known to impact plant pollination by changing flowering 
phenology and by distressing the activity of pollinators, e.g. flight (Abrol 2012). 
Similarly, phenological decoupling of plant-pollinator interactions (Settele et al. 
2016) have been reported. Specifically, plants and insects have different responses 
to changing temperature, creating temporal (phenological) and spatial (distribu¬ 
tional) disparities that cause problems at the population level (Reddy et al. 2013). 
Mismatches could impact plants by impairing decreased insect visitation that means 
less pollen deposition, whereas pollinators could face reduced food availability 
(Reddy et al. 2013). However, in some circumstances, pollinator-plant synchrony 
does not cause mismatches, due to generalist pollinator species keeping pace with 
changes in forage-plant flowering by switching between host plants (Fig. 5.1) 
(Settele et al. 2016). Animal biology and ecology associated with pollination i.e. 
population, reproductive aspects, and activity - flight, etc., are essential for under¬ 
standing the impacts manifested by climate change. Relatively very little research 
has been conducted on the physiology of many crucial pollinators influenced by 
warming temperatures (Scaven and Rafferty 2013). This is evident in many tropical 
regions worldwide, where, animal pollinators comprise much more species and 
interactions, when compared to temperate conditions (Figs. 1.2 and 5.2). 

Flower-insect synchronicity is an essential factor required in pollination, subse¬ 
quent fertilization and fruit production in fruit trees. Reduced timing between flow¬ 
ering and the appearance of pollinators could decrease food sources for pollinators, 
leading to reduced pollinator abundance and increased extinctions of both pollina¬ 
tors and plants (Myers et al. 2017). Fruit tree-insect interactions within the context 
of climate change have been poorly examined in temperate, tropical and subtropical 
conditions (Figs. 5.3 and 5.4). Doi et al. (2008) reported that in temperate condi¬ 
tions in Japan, flowering in Prunus species {Prunus davidiana, R x yedoensis, P. 
pendula form. Ascendens, and P. armeniaca) has occurred earlier in the past three 
decades and the appearance of a pollinator butterfly, Pieris rapae has been delayed 
(Doi et al. 2008). Flowering in P davidiana occurred 12 days before the other 
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Fig. 5.1 Palm tree pollinators at the Dominican Republic (Photos by Fernando Ramirez. 
Reproduced with permission) 

species. P. yedoensis, P. armeniaca, and P. ascendens currently initiate to flower 
prior to butterfly occurrence, but between 1950s and 1980s, the trees flowered 
1 week after the first Pieris rapae individuals appeared (Doi et al. 2008). Besides, 
in 1998, flowering occurred in three Pmnus species before the butterflies appeared. 
These tree-pollinator mismatches and early flowering are caused by warmer than 
usual days in the last three decades and even some cooler than usual days that can 
be attributed to climate change conditions (Doi et al. 2008). Tree-pollinator mis¬ 
matches could have negative effects on the pollination and subsequent fruit set in 
Pmnus. The rate of flowering advance and the advance appearance of its pollinators 
have been similar over a 46 year time period in New York State, USA (Bartomeus 
et al. 2013). The apple- pollinator relationship has been stabilized against climate 
change by a high diversity of floral visitors (Bartomeus et al. 2013). This relation¬ 
ship has advanced in both, apple and pollinators by a mean of 8 days since 1965. 
Bee species have shown phenological shifts considered either faster or slower than 
apple, therefore causing a stable phenological synchrony (Bartomeus et al. 2013). 
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Fig. 5.2 Bumblebees visiting the flowers of Vallea stipularis tree at La Calera, Cundinamarca 
State, Colombia (a-d). Bee visiting the flowers of Oreopanax floribundum at Bogota, Colombia 
(e-f) (Reproduced with permission) 


Bee complementarity and diversity in apple pollination is a key aspect leading to 
phenological synchrony. Polce et al. (2014) examined climate-change mismatches 
between pears, apples, plums and other fruits and their pollinators under present and 
future climatic scenarios projected for 2050 for Great Britain. Under these scenar¬ 
ios, a geographical mismatch of fruit tree orchards and pollinators was detected 
under the featured climate change conditions. Projected scenarios for 2050 pro¬ 
posed that the most appropriate locations for orchards corresponded to low insect 
pollinator availability. This means low orchard pollination unless fruit tree produc¬ 
tion is transferred to more suitable climatic regions such as the north-westerly areas. 
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Fig. 5.3 Butterflies within a citrus orchard at Nocaima, Colombia (Top two photos). Numerous 
insects pollinate citrus in this particular environment. Butterflies pollinating the flowers of Delonix 
regia, a tropical tree at Melgar, Cundinamarca, Colombia (Bottom two photos). (Photos by 
Fernando Ramirez. Reproduced with permission) 



Fig. 5.4 Citrus trees pollinated by honeybee (left) and fly (right) at Chipaque, Cundinamarca 
State, Colombia (Photos by Fernando Ramirez. Reproduced with permission) 


However, wild pollinators’ availability should be preserved in areas currently used 
for crop production, but more research is required to understand the implications for 
fruit tree pollination (Polce et al. 2014). Flowering in wind-pollinated plants has 
advanced more in contrast to insect-pollinated plants as a result of climate warming 
in Europe (Ziello et al. 2012; Gordo and Sanz 2009). In face of climate warming, 
wind-pollinated species might have changed their pollination mode as a response to 
unfavorable environmental conditions, allowing a better response to the variability 
of climate (Ziello et al. 2012). Temperate ecosystems have a greater frequency of 
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wind-pollinated species, mainly trees (Kay and Sargent 2009). Conversely, in tropi¬ 
cal forests, more than 90% of tree species are pollinated by biotic vectors (Bawa 
1990; Jacobi and Carmo 201 1). As a result of climate change, pollinator occurrence 
in fruit crops with great dependence on animal pollinators, e.g. avocado and guava 
are projected to decrease in future scenarios by 2050 in Brazil (Giannini et al. 2017). 
Furthermore, out of 13 crops, guava, coffee and mandarin will be the most affected 
by pollinator loss (Giannini et al. 2017). 

Fruit tree- pollinator interactions have also been altered by climate change in the 
tropics. Particularly flight activity of pollinators (bees and flies) has been reduced by 
non-seasonal precipitation in mango orchards at La Mesa, Colombia (Ramirez pers. 
obs.). Moreover, the climate change effects on pollinators are associated with their 
thermal tolerance and plasticity to temperature changing conditions (Reddy et al. 
2013). Mango trees produce less panicles and flowers due to altered phenology as a 
consequence of unusual rains resulting from climate change (Ramirez and 
Kallarackal 2015). This in turn, reduces floral resource availability for pollinators 
such as pollen and nectar. Heavy rains have also been linked to floral abscission in 
mango orchards in Thailand (Makhmale et al. 2016). Also, warmer than usual tem¬ 
peratures derived from climate change cause decreased pollinator activity in mango 
orchards (Bhriguvanshi 2010; Sajal et al. 2012). Heavy rain and hail have also 
impaired pollination mismatches between bumblebees and lulo {Solarium qui- 
toense) flowers in Bogota, Colombia. Observed pollinator visitation by bumblebees 
(Bombus sp.) has been delayed during the first week of October, 2017. Also, floral 
drop has been one of the consequences leading to reduced resources for pollinators 
(Ramirez Pers. Obs). This has also been observed in other tree species e.g. Tecoma 
Stans, Lafoesia acuminata, Prunus serotina var. capuli, Croton funkianus, etc. 

Among specialized tree-pollinator interactions, the wasp and fig interaction is 
considered a well studied relationship (Abrol 2012). Figs are considered keystone 
species in tropical communities because they provide food for a wide range of ani¬ 
mals, namely, hornbills, toucans, parrots, pigeons, monkeys, bats and even fish 
(Abrol 2012). Most fig tree species are dependent on one or two fig wasp species 
(Agaonidae) (Abrol 2012; Jevanandam et al. 2013). An increase in temperature of 
3 °C or more could decline the lifespan of four fig wasps, namely Valisia malayana 
(which pollinates Ficus grossularioides), Ceratosolen appendiculatus (pollinator of 
F. variegata), Ceratosolen constrictus hewitti (pollinator of F. fistulosa), and 
Eupristina verticillata (pollinator of F. microcarpa), all within the Agaonidae fam¬ 
ily (Jevanandam et al. 2013). This will reduce Ficus flower pollination / fig oviposi- 
tion within flowers (Jevanandam et al. 2013). 

Pollinator diversity and its interactions with both wild and native trees have also 
been disrupted by climate change events. In tropical Central America, sites with less 
forest cover and subjected to warmer - climate change driven temperatures loose 
more diversity, while locations with more forest cover and with less climate change 
warming retain diversity (Hannah et al. 2017). This influences the cultivation of 
coffee and tree crops that are dependent on native forest pollinators (Hannah et al. 
2017). Thus, forested areas are valuable as pollinator reservoirs that could benefit 
crop production in adjacent agricultural systems (Hannah et al. 2017). Also, tropical 
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forests can increase pollination services if the forested cover is augmented (Hannah 
et al. 2017). 

The Intergovernmental Platform on Biodiversity and Ecosystem Services 
(IPBES) is a sound initiative focusing on pollinator status, values of pollination, and 
trends and drivers of change (IPBES 2016). This initiative has proposed a number 
of knowledge gaps and among them, the case of tropical developing nations of the 
world, where little is known about climate change and plant-pollinator interactions 
(IPBES 2016) has been mentioned. Recently, Ramirez and Kallarackal (2018) 
examined the tree-pollinator interactions within the context of IPBES, emphasizing 
the tropics and found that interactions between trees and pollinators in the tropics 
are complex, due to the fact that there are multiple pollinators and interactions e.g. 
arthropods, birds, etc. (Abrol 2012; Ramirez and Davenport 2013, 2016; Ramirez 
and Kallarackal 2017). Also, in the tropics, specialized tree pollinator interactions 
such as the fig-wasp symbiosis have shown mismatches (Jevanandam et al. 2013). 
But aside from this example, few investigations have examined the interactions 
between flowering time and pollinators. Other factors such as wind pollination in 
the tropics also require further research. 


References 


Abrol DP (2012) Pollination biology: biodiversity conservation and agricultural production. 
Springer, New York 

Bartomeus I, Park MG, Gibbs J et al (2013) Biodiversity ensures plant-pollinator phonological 
synchrony against climate change. Ecol Lett 16:1331-1338. https://doi. 0 rg/lO.l 1 ll/ele.l2170 

Bawa KS (1990) Plant-pollinator interactions in tropical rain forests. Annu Rev Ecol Syst 21:399- 
422. https://doi.Org/10.1146/annurev.es.21.110190.002151 

Bhriguvanshi S (2010) Impact of climate change on mango and tropical fruits. Westville Publishing 
House, New Delhi 

Doi H, Gordo O, Katano I (2008) Heterogeneous intra-annual climatic changes drive different 
phenological responses at two trophic levels. Clim Res 36:181-190. https://doi.org/10.3354/ 
cr00741 

Giannini TC, Costa WE, Cordeiro GD et al (2017) Projected climate change threatens pollina¬ 
tors and crop production in Brazil. PLoS One 12:e0182274. https://doi.org/10.1371/joumal. 
pone.0182274 

GordoO, SanzH(2009)Long-term temporal changesofplantphenologyintheWestemMediterranean. 
Glob Chang Biol 15:1930-1948. https://doi.Org/10.llll/j.1365-2486.2009.01851.x 

Hannah L, Steele M, Fung E et al (2017) Climate change influences on pollinator, forest, and 
farm interactions across a climate gradient. Clim Chang 141:63-75. https://doi.org/10.1007/ 
S10584-016-1868-X 

IPBES (2016) Summary for policymakers of the assessment report of the intergovernmental 
science-policy platform on biodiversity and ecosystem services on pollinators, pollination and 
food production. Secretariat of the Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services. Bonn, Germany 

Jacobi CM, Carmo do FF (2011) Life-forms, pollination and seed dispersal syndromes in plant 
communities on ironstone outcrops, SE Brazil. Acta Bot Brasilica 25:395-412. https://doi. 
org/10.1590/S0102-33062011000200016 



References 


33 


Jevanandam N, Goh AGR, Corlett RT (2013) Climate warming and the potential extinction of 
fig wasps, the obligate pollinators of figs. Biol Lett 9:20130041. https://doi.org/10.1098/ 
rsbl.2013.0041 

Kay KM, Sargent RD (2009) The role of animal pollination in plant speciation: integrating ecol¬ 
ogy, geography, and genetics. Annu Rev Ecol Evol Syst 40:637-656. https://doi.org/10.1146/ 
annurev.ecolsy s. 110308.120310 

Makhmale S, Bhutada P, Yadav L, Yadav B (2016) Impact of climate change on phenology of 
mango - the case study. Ecol Environ Conserv 22:S127-S132 
Myers SS, Smith MR, Guth S et al (2017) Climate change and global food systems: potential 
impacts on food security and undernutrition. Annu Rev Public Health 38:259-277. https://doi. 
org/10.1146/annurev-publhealth-031816-044356 
Polce C, Garratt MP, Termansen M et al (2014) Climate-driven spatial mismatches between 
British orchards and their pollinators: increased risks of pollination deficits. Glob Chang Biol 
20:2815-2828. https://doi.0rg/lO.l 11 l/gcb.l2577 
RamirezF,DavenportTL(2013)Applepollination: areview. SciHortic(Amsterdam) 162:188-203 
Ramirez F, Davenport T (2016) The phenology of the capuli cherry [Prunus serotina subsp. capuli 
(Cav.) McVaugh] characterized by the BBCH scale, landmark stages and implications for 
urban forestry in Bogota, Colombia. Urban For Urban Green 19:202-211 
Ramirez F, Kallarackal J (2015) Responses of fruit trees to global climate change. SpringerBriefs. 
Springer, New York 

Ramirez F, Kallarackal J (2017) Feijoa [Acca sellowiana (O. Berg) Burret] pollination: a review. 

Sci Hortic (Amsterdam) 226:333-341. https://doi.Org/10.1016/J.SCIENTA.2017.08.054 
Ramirez F, Kallarackal J (2018) Tree pollination and its conservation implications under global 
climate change conditions: IPBES and beyond. Wiley Clim Chang 9:e502. https://doi. 
org/10.1002/wcc.502 

Reddy PVR, Verghese A, Sridhar V, Rajan VV (2013) Plant-pollinator interactions: a highly 
evolved synchrony at risk due to climate change. In: Climate-resilient horticulture: adaptation 
and mitigation strategies. Springer India, New Delhi, pp 295-302 
Sajal R, Sthapit SR, Scherr SI (2012) Tropical fruit tree species and climate change. In: Sthapit BR, 
Ramanatha Rao V, Sthapit SR (eds) Tropical fruit tree species and climate change. Bioversity 
International, New Delhi, pp 15-26 

Scaven VL, Rafferty NE (2013) Physiological effects of climate warming on flowering plants and 
insect pollinators and potential consequences for their interactions. Curr Zool 59:418-426. 
https://doi.0rg/lO.lO93/czoolo/59.3.4i8 

Settele J, Bishop J, Potts SG (2016) Climate change impacts on pollination. Nat Plants 2:16092. 
https://doi.org/10.1038/nplants.2016.92 

Ziello C, Bock A, Estrella N et al (2012) First flowering of wind-pollinated species with the 
greatest phenological advances in Europe. Ecography (Cop) 35:1017-1023. https://doi. 
org/10.1111/j.l600-0587.2012.07607.x 


Chapter 6 

Conservation Implications 
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Check for 
updates 


Perennial crop production has been reported to be sensitive to water availability, 
temperature, air pollution, solar radiation, CO 2 , and drought (Alqudah et al. 2011; 
Glenn et al. 2013). These factors have been altered by today’s climate change condi¬ 
tions. Under these conditions, tree phenology has been altered i.e. flowering has 
been delayed or advanced (Glenn et al. 2013; Ramirez and Kallarackal 2015, 2017). 
These aspects are considered a serious threat to the conservation of wild and culti¬ 
vated tree species worldwide (Fig. 6.1). 

Pollinators of tree species play an important role in reproduction by enabling 
fruit set. Currently, under the climate change, pollinators have been reported to 
decline. This situation has been analyzed by the Intergovernmental Platform on 
Biodiversity and Ecosystem Services (IBPES) which is an initiative of multiple 
research collaborators from around the world examining pollination aspects such as 
values, trends and pollinator status, and drivers of change (IPBES 2016; Ramirez 
and Kallarackal 2018). This initiative has established that the shift in abundance, 
ranges, and seasonal activities of some wild pollinator species have declined as a 
consequence of climate change (IPBES 2016). Also, it has established that climate 
change has caused plant-pollinator mismatches. Recently, Ramirez and Kallarackal 
(2018) examined IPBES gaps regarding plant-pollinator interactions, pollinator 
diversity and population attributes within the context of climate change, trees and 
conservation. Tree pollination services have been threatened by climate change, and 
particularly in the tropics more information is required (Ramirez and Kallarackal 
2018). Eurthermore, climate change effects i.e. elevated carbon dioxide, increased 
temperature, droughts, flooding, etc. have caused problems in plant-pollinator inter¬ 
actions (Ramirez and Kallarackal 2018). These gaps point out the need to conduct 
more research in the tropics and also, to establish conservation measures that act 
effectively to preserve tree and pollinator diversity. Scientists, governments and citi¬ 
zens from tropical countries are encouraged to provide possible solutions at the 
conservation level. This requires enacting conservation measures through suitable 
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Fig. 6.1 A cloud forest near the village of Chipaque, Cundinamarca State, Colombia (Photos by 
Fernando Ramirez. Reproduced with permission) 

programs. However, to date few initiatives have been proposed to tackle this par¬ 
ticular problem. 

Conservation of trees and tree pollinators requires examination of the particular 
life history and reproductive strategies and knowledge on the effects of species- 
specific responses to elevated temperatures (Ramirez and Kallarackal 2018). In 
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tropical environments, conservation measures to mitigate climate change impacts 
include introduction of trees to climatically suitable sites (Fig. 6.2) (Deb et al. 
2017). In the case of Dipterocarp trees Sal {Shorea robusta) and Garjan 
(Dipterocarpus turbinatus) growing in tropical Asian forests, a strategy to mitigate 
the effects of climate change would be to introduce plantations into climatically 
suitable sites together with more care for trees within sites that have high risk in a 
future climate change scenario (Deb et al. 2017). These measures need further 
research in respect to the Dipterocarp pollinators, but provide a conservation strat¬ 
egy which is tree centered. According to Dawson et al. (2013) there are three ways 
to conserve tropical trees within smallholders’ agroforests, (1) trees held or grown 
by farmers within agricultural landscapes where wild tree counterparts are to be 
found could be considered biodiversity reservoirs, (2) trees within farmland settings 
enable conservation by providing an alternative product source, which reduces the 
impact on wild trees, and by connecting to wild tree stands (Fig. 6.2). These conser¬ 
vation measures could be applied to tropical trees within the current climate change 
conditions. Moreover, it is required to investigate more about the pollinators of both 
agricultural and wild tree stands in the tropics. In the Amazon, there are opportuni¬ 
ties for tree and forest conservation through the tropical forest carbon credits (Malhi 
et al. 2008). This system proposed monetary retribution to countries that reduce 
deforestation mainly in tropical regions (Santilli et al. 2005). It is sought to create a 
monetary large-scale incentive for reducing tropical deforestation and mitigate the 
effects of climate change by the conservation of forest stands within developing 
countries in the context of the Kyoto Protocol (Santilli et al. 2005). This system has 
been adopted in various countries worldwide (Wunder 2006; Pfaff et al. 2007; 
Neudert et al. 2017). In Costa Rica, carbon credits have helped to shape forest 
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conservation and increased carbon sequestration (Pfaff et al. 2007). Aside from its 
benefits, several major problems arise while incorporating tropical forest carbon 
credits in developing countries. These problems include corrupt Governments, poli¬ 
cies that are targeted to alleviate poverty might not effectively sequester carbon 
monetarily, in some developing countries compensation for payments for environ¬ 
mental services has been poorly tested, communities might be at risk from land- 
development by business type conservation, few are convinced about payment 
(supply side), carbon models could not be accurate at the site level, etc. (Wunder 
2006; Pfaff et al. 2007; Preece et al. 2017). Tropical forest carbon credits focus is on 
forest stand conservation and could also protect tree pollinators, but more data and 
knowledge is required. Commonly the carbon projects have been targeted at the tree 
level and have not included pollinators. 

Numerous conservation attempts have been conducted in respect to temperate 
and subtropical tree conservation. Adaptation strategies according to Howden et al. 
(2007), Foley et al. (2011), Iglesias et al. (2012), NCA (2012), Glenn et al. (2013), 
Ravi and Mustaffa (2013), Rajan et al. (2013), Reddy (2015) and Singh (2013) 
include changes in farm management at the local level, enhanced water manage¬ 
ment, using plant genetic resources within the context of sustainability, raising 
awareness among farming communities, developing suitable technologies, chang¬ 
ing cultivars and altering planting dates, developing uniform phonological monitor¬ 
ing for fruit trees e.g. mango, etc. (Fig. 6.2). In the case of subtropical crops such as 
litchi production in India, conservation strategies include (1) windbreaks for avoid¬ 
ing damage, (2) improved rootstocks, (3) management of the canopy, (4) girdling, 
(5) replacing new for old trees, (6) mulching and (7) employing honey bees as 
potential pollinators (Kumar and Nath 2013). Regarding tropical plantation crops, 
e.g. coconut, rubber, oil palm, cashew, and cocoa, Hebbar et al. (2013) reported that 
approaches to mitigate climate change include the adoption of more tolerant tree 
varieties, and inclusion of the best management practices. In the case of coconut, 
mitigation strategies devise the use of scientific technologies, e.g. drip irrigation, 
implementation of drought tolerant cultivars, soil and water conservation practices 
(Hebbar et al. 2013). In India, climate change is a threat for cashew cultivation. 
Drought mitigation strategies for this crop include mulching, water and soil conser¬ 
vation, and conservation agriculture, drip irrigation and fertigation particularly dur¬ 
ing fruit development (Rupa et al. 2013). In the United States of America, the 
national prioritization framework for tree species vulnerability to climate change 
established a categorization based on risk factors (1) climate change exposure, (2) 
sensitivity to climate change, and (3) adapting capacity to climate change (Deb 
et al. 2017). This assessment has established conservation measures for current and 
future climate change scenarios (Fig. 6.1) (Deb et al. 2017). These investigators also 
included pollination vectors either wind, insects or mammals which provide a more 
consistent risk assessment. According to Dawson et al. (2011) trees can respond to 
climate change by (1) the facilitated movement of environmentally-suitable germ- 
plasm to other proper geographic scales, (2) increasing tree stands population sizes 
by farm management e.g. pollinators and (3) The use of more ‘flexible’ species and 
populations. According to Matocha et al. (2012) climate change mitigation and 
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adaptation can be assessed simultaneously because of the financial and technical 
advantages. First, planning is required for mitigation under current and future cli¬ 
mate change scenarios and form mitigation investments, second, several land-use 
interventions could bear both benefits for adaptation and mitigation and third, 
carbon-based finances could provide funding for adaptation. Within these initiatives 
it will also be useful to consider tree pollinators that could lead to a better under¬ 
standing for adaptation and mitigation. Another strategy to counteract climate 
change is through the identification of tree genetic resources that could adapt to 
climate change conditions (Fig. 6.2) (Abrol 2012). Genetic variation as part of a 
tree’s genetic pool could allow adaptation within agricultural systems e.g. promis¬ 
ing new varieties could replace old ones (Glenn et al. 2013). Also, specific features 
and/or genes could be introduced within existing cultivars through genetic engineer¬ 
ing (Fig. 6.2) (Hajjar and Hodgkin 2007). However, these methodologies are con¬ 
troversial because they drastically modify the plant genetics and also could cause 
negative impacts on the environment. Moreover, other conservation strategies are 
available to establish a diverse pollinator assemblage that bears different features 
and responses to ambient conditions (Abrol 2012). 

Pollinator conservation strategies under climate change conditions are important 
aspects that need to be considered. Tree pollinators include a great number of 
arthropod species, mammals, bats, birds, etc. Major pollinator groups comprise 
bees, beetles, wasps, butterflies, and flies (Reddy et al. 2013). Conservation strate¬ 
gies for pollinators require understanding of physiological aspects e.g. responses to 
higher temperatures, reproduction, dispersion, feeding, flight related aspects, etc. 
Conservation management efforts depend on species specific traits and geographic 
range whether tropical, subtropical or temperate. Issues pertaining to the impor¬ 
tance of pollinator diversity conservation focus on three factors, namely, practical, 
theoretical, or abstract (Ollerton 2017). In the case of butterfly conservafion, 
Coristine et al. (2016) reported that improved climate change-related dispersal 
should be based on improving landscape connectivity according to species-specific 
richness, mobility, and climate change, as well as landscape permeability. Moreover, 
effective conservation strategies elsewhere to mitigate climate change include land¬ 
scape areas that enable pollinators to move to restored or managed locations for 
them (Ollerton 2017). Another conservation measure is to establish a high floral 
visitor diversity within plant-pollinator phenological synchrony to mitigate climate 
change (Bartomeus et al. 2013).This has been effective in apple orchards, where 
different bee species show phenological changes that are slower or faster than the 
flowering period of apple trees, enabling effective pollinator and floral coupling 
(Bartomeus et al. 2013). Other strategies to mitigate climate change include farming 
with alternative pollinators (Christmann and Aw-Hassan 2012). In Central America 
adaptation strategies of pollinator services include (1) reservoir areas that enhance 
bee diversity or act as source areas for recolonization after climate change driven 
changes i.e. droughts, and (2) restoration areas with enhanced forest canopy cover 
which could aid to improve the pollinator services (Hannah et al. 2017). Mitigation 
for the impacts of climate change on bumblebees includes nesting site and forage 
availability or a combination of both through habitat management (Williams and 
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Osborne 2009). Several countries in Europe and North America have management 
and stewardship that seek to improve landscapes (Williams and Oshorne 2009). 
This can be done through forest conservation and maintaining heterogenous land¬ 
scapes for agriculture, which in the case of coffee, requires live fences, shade trees, 
as well as native plants that protect, provide food and nesting sites-materials (Imbach 
et al. 2017). Furthermore, climate change requires reviewing insect management 
strategies and goals in view of a new kind of scientific engagement through manage¬ 
ment decision-making (Hellmann et al. 2016). These refer to interdisciplinary 
research, use of process-hased modeling, and increased participation of entomolo¬ 
gists within social decision making (Hellmann et al. 2016). 
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Chapter 7 

Conclusion 
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Check for 
updates 


Climate change poses a severe threat to the pollination of numerous tree species 
worldwide. While the effect of climate change has been evaluated in a number of 
cases in herbaceous plants and their pollinators, less is known about the interactions 
between trees and pollination and especially climate change extreme events such as 
flooding, droughts, temperature increase and changes in precipitation particularly in 
trees growing in tropical regions. Thus, more research is required in wild as well as 
in cultivated trees in tropical environments. The influence of both elevated tempera¬ 
ture and cool temperatures imposed by climate change conditions on pollen physi¬ 
ology of trees, e.g. viability, growth and pollen tube germination are detrimental for 
the pollination and in some cases hampers fertilization and subsequent fruit set. 
Most studies have focused on the effect of elevated temperature within economi¬ 
cally important tree crops, but there is a need for more research on wild tree pollens, 
which would provide scientists with a bigger picture to understand the effects cli¬ 
mate change conditions. It is also important to focus on the optimal temperatures for 
pollen germination in less investigated crop species and among well investigated 
cultivated trees. Tree pollen seasons have been modified by climate change espe¬ 
cially by increased temperatures. Numerous investigations have been carried mainly 
in Europe and North America describing pollen season advancement or delay over 
several years. However, less is known about this topic in the tropics. It is suggested 
that phenological events in tropical regions such as pollen season and flowering 
need to be described and quantified to better understand the effects of climate 
change impacts. The effects of elevated and cool temperatures also need to be deter¬ 
mined for tree pollinators. Very little is known about the effect of temperature on 
flight, foraging and feeding activity of tree pollinators in tropical environments. 
Other climate change events such as unusual precipitation need more investigation 
under tropical environments in relation to pollinator activity. Climate change 
extreme events such as hurricanes have provided insight about their devastating 
effect on trees and their pollinators. Hurricanes can completely wipe out a whole 
pollinator population and then, subsequent recolonization can be achieved by the 
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pollinator dispersal abilities. Recent hurricane events provide unique opportunities 
for studying pollinator and tree interactions which can provide meticulous informa¬ 
tion about natural restoration and mitigation after a severe event. Precipitation as 
rain, hail, and snow has also been modified by climate change conditions. 
Precipitation often halts pollinator activity and causes devastating effect when fall¬ 
ing as hail often causing leaf, flower and fruit abscission and damaging pollinator 
hives and habitats. This is particularly the case of tropical regions, where precipita¬ 
tion as hail, an unusual event has generated impacts on trees, but its short term and 
long term effects require more research. Water logging is another climate change 
impact which has been evaluated in trees, and it is known to hamper pollination if 
the water level rises above the tree’s reproductive structures. Also, if roots are sub¬ 
merged for prolonged periods without proper aeration, foliage, flowers and fruits 
are likely to suffer abortion. Climate change imposed drought has caused reproduc¬ 
tive issues in trees including flower decay, abscission and in specialized trees like 
figs it has caused pollinator declines or removal from a particular area. Specialized 
fruit tree species such as figs are keystone species because numerous vertebrates, 
such as mammals, birds as well as the whole food-web are dependent upon them. 
This raises the question about the importance of pollinators for both cultivated and 
wild environments which occur through plant-pollinator interactions, in this book, 
tree-pollinator interactions. These interactions have been thoughtfully studied in 
herbaceous plants in temperate conditions. Less is known about woody angiosperms 
and their interactions with pollinators particularly in the tropics where thousands of 
tree species are awaiting to be studied. Three pollinator mismatches have been eval¬ 
uated in temperate conditions where pollinators e.g. butterflies have been docu¬ 
mented to occur later than the flowering event. In the tropics the interplay of 
numerous pollinators, i.e. increased pollinator diversity could hamper the effects of 
climate change factors such as precipitation, decreased or increased temperatures, 
etc. But more research is indeed warranted to fully understand pollinator diversity 
and tree pollination in tropical regions worldwide. Describing and quantifying the 
effects of climate change on pollinators and trees is an important step to establish 
management and conservation measures for mitigating and adapting to climate 
change conditions. Effective conservation initiatives are required to preserve both 
wild and cultivated trees and their pollinators. These measures include farm man¬ 
agement, water management, incorporating new technologies, using different tree 
cultivars and genetic resources, or establishing frameworks for tree conservation 
under climate change conditions. All of these initiatives solve the problem at least 
partly and could probably lead to provide consistent solutions. Other conservation 
strategies have focused on pollinators, identifying ways to enhance landscape fea¬ 
tures, establish pollinator reservoir areas, generating heterogeneous agricultural 
landscapes, etc. In spite of all conservation measures to mitigate and adapt to cli¬ 
mate change conditions, climate change phenomenon needs to be tackled at its 
source empowered by consumerism, and also industrial, political and economic cri¬ 
teria in today’s globalized world. The change is more about the attitude of we 
humans towards nature. It is a change in philosophy from a materialistic view, 
purely based on generation of wealth regardless of the environmental consequences 
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to a higher philosophical view where the natural world is connected to humans. 
Pollination in the light of climate change is an essential aspect that has motivated 
numerous researchers worldwide to provide their view and research initiative. It is 
important to generate awareness about pollination studies worldwide and particu¬ 
larly under climate change conditions. Developing countries require programs to 
evaluate and determine the effects of climate change, pollinators and trees. This 
book is sought to contribute by providing the personal view of the authors and by a 
literature review of the main aspects that pertain to trees and their pollinators. 


